The principal cell of the kidney collecting duct is one of the most highly regulated epithelial cell types in vertebrates. The effects of hormonal, autocrine, and paracrine factors to regulate principal cell transport processes are central to the maintenance of fluid and electrolyte balance in the face of wide variations in food and water intake. In marked contrast with the epithelial cells lining the proximal tubule, the collecting duct is electrically tight, and ion and osmotic gradients can be very high. The central role of principal cells in salt and water transport is reflected by their defining transporters-the epithelial Na 1 channel (ENaC), the renal outer medullary K 1 channel, and the aquaporin 2 (AQP2) water channel. The coordinated regulation of ENaC by aldosterone, and AQP2 by arginine vasopressin (AVP) in principal cells is essential for the control of plasma Na 1 and K 1 concentrations, extracellular fluid volume, and BP. In addition to these essential hormones, additional neuronal, physical, and chemical factors influence Na 1 , K 1 , and water homeostasis. Notably, a variety of secreted paracrine and autocrine agents such as bradykinin, ATP, endothelin, nitric oxide, and prostaglandin E 2 counterbalance and limit the natriferic effects of aldosterone and the water-retaining effects of AVP. Considerable recent progress has improved our understanding of the transporters, receptors, second messengers, and signaling events that mediate principal cell responses to changing environments in health and disease. This review primarily addresses the structure and function of the key transporters and the complex interplay of regulatory factors that modulate principal cell ion and water transport.
Introduction
The principal cell is one of two major epithelial cell types in what is often referred to as the aldosteronesensitive distal nephron, comprising the connecting segment through the collecting duct. Ion and water transport in this part of the nephron are highly regulated by a wide variety of stimuli, including hormones, autocrine and paracrine factors, osmotic conditions, and physical factors. The principal cell is central to salt and water transport, as reflected by its defining transporters-the epithelial sodium channel (ENaC) and the aquaporin 2 (AQP2) water channel.
In humans, by the time tubular fluid reaches the aldosterone-sensitive distal nephron under physiologic conditions, virtually all amino acids, glucose, bicarbonate, and other nonwaste organic solutes have been removed and water volume has been reduced to approximately 10% of that of glomerular filtrate. Thus, the absolute level of transport of critical ions and water in this nephron segment is markedly lower than in most upstream segments; however, the variability of transport rates is markedly higher. Ion and osmotic gradients between the tubule lumen and the interstitium are also more variable, and are frequently much higher than in other regions. A future article in this series will address the integrated tubule physiology and compare characteristics of different segments. The coordinated regulation of ENaC by aldosterone, and AQP2 by arginine vasopressin (AVP) in principal cells is essential for the control of plasma Na 1 and K 1 concentrations, extracellular fluid volume, and BP in most vertebrates (1) . In addition to these essential hormones, other hormones, autacoids, and mechanical factors influence Na 1 , K 1 , and water homeostasis. This review primarily addresses the regulation of Na 1 , K 1 , and water transport in principal cells. Figure 1 shows the integrated transport of Na 1 and K 1 in a typical principal cell, emphasizing the regulatory events that control ENaC (the principal pathway for apical Na 1 ) and the renal outer medullary K 1 (ROMK) channel (the principal pathway for apical exit of K 1 ). Aldosterone is the primary hormonal regulator of both Na 1 and K 1 transport, as addressed further below. ENaC is the primary target of regulation, and its stimulation by aldosterone affects both Na 1 reabsorption and K 1 secretion. Cl 2 transport is not shown in Figure 1 because it is not a simple function of principal cells; rather, Cl 2 transport is a function of both principal and intercalated cells, as well as the paracellular pathway (2, 3) .
Control of Principal Cell Ion Transport
This review discusses the key Na 1 and K 1 pathways operative in principal cells and their regulation, and also describes Cl 2 transport.
1 transport regulation ( Figure 1 ). Like all channels, it does not directly couple Na 1 transport to the movement of any other ion or solute. Hence, unlike many upstream transporters such as the Na 1 -H 1 exchanger isoform-3 (NHE3), Na 1 -K 1 -2Cl 2 cotransporter (NKCC2), and Na 1 -Cl 2 cotransporter (NCC), it does not participate in secondary active transport (4) . However, because ENaC mediates electrogenic Na 1 transport, it increases the driving force for K 1 secretion via K 1 channels, such as ROMK (expressed in principal cells, see below) (5) and BK channels (expressed in both principal and intercalated cells). It also enhances H 1 secretion by adjacent intercalated cells, as well as Cl 2 reabsorption via a variety of pathways; a future review in this series will address these topics, along with BK channels, in detail. ENaC comprises three distinct, but structurally related, subunits (a, b, and g) (6) . Based on the homotrimeric subunit arrangement in the crystal structure of the acidsensing ion channel (7), an ENaC relative, it is currently thought that ENaC is a heterotrimer (8) . Although this issue is not fully resolved, considerable insight into ENaC function was gained by performing a comparison with the acid-sensing ion channel ( Figure 2 ). ENaC is highly selective for Na 1 (and Li 1 ) over other ions (most notably K 1 ), and is highly sensitive to the K 1 -sparing diuretic amiloride. Selectivity is mediated by a signature Gly/Ser-X-Ser sequence, which is adjacent to the amiloride binding site ( Figure 2D ). ENaC activity and cell surface expression are regulated by a variety of hormonal, autocrine, paracrine, and nonhormonal signals. These regulatory signals are integrated to produce appropriate levels of Na 1 transport to meet physiologic demands. Recent evidence suggests that this signal integration requires ENaC at transport. Aldosterone has the most pronounced effect. It acts through the MR to increase expression of the serine-threonine kinase SGK1. Other hormones, including insulin, regulate SGK1 activity through the master kinase phosphatidylinositide 3-kinase (PI3K). SGK1 phosphorylates a variety of proteins; Nedd4-2 is shown, which is an ENaC inhibitor (see the text). SGK1 phosphorylation triggers interaction of Nedd4-2 with 14-3-3 proteins, and hence inhibition, by reducing its internalization and degradation. ENaC surface expression and activity are governed by a multiprotein ERC, whose assembly at the plasma membrane is orchestrated by the aldosterone-induced small chaperone GILZ (not shown), and the scaffold protein CNK3. Electrogenic Na 1 reabsorption via ENaC is balanced by K 1 secretion through ROMK and Cl 2 reabsorption through multiple pathways (not shown). The apical surface expression and activity of ROMK are positively regulated by SGK1 through phosphorylation of WNK4. Similar to ENaC, ROMK assembly at the luminal membrane is dictated by a multiprotein complex facilitated by interactions with the scaffold proteins NHERF-1 and NHERF-2. The driving force that sets the electrochemical gradient for principal cell Na 1 and K 1 transport is the basolateral Na the plasma membrane to be organized into a large (1.2 MDa) multiprotein termed the ENaC regulatory complex (ERC), which includes both positive (e.g., serum-and glucocorticoidregulated kinase 1 [SGK1]) and negative (e.g., neural precursor cell-expressed developmentally downregulated gene 4-2 [Nedd4-2]) regulators. Regulatory molecules within the ERC interact with the cytoplasmic domains of ENaC, which are absent in current models of the ENaC structure ( Figure 2 ). The formation and stability of the complex requires an aldosterone-induced chaperone (GILZ1) and a scaffold protein (CNK3) (9, 10) , which keep the complex together by stimulating interactions among multiple proteins ( Figure 1 ). It is interesting to note that CNK3, like many scaffolds involved in stabilizing membrane expression of transport proteins, has a PDZ (PSD-95/DLG-1/ZO-1) domain (1) . ROMK membrane stability requires another PDZ domain protein, sodium-proton exchanger regulatory factor (NHERF) (both isoforms NHERF-1 and NHERF-2 have been implicated) (11) . Although the stable presence of ENaC at the apical membrane requires the ERC, its activity at the cell surface requires proteolytic cleavage at specific sites within the extracellular loops of the a and g subunits to liberate embedded inhibitory tracts (12) (Figure 2 ). Under physiologic conditions, this effect appears to be mediated by furin and a secondary membrane-resident protease. Furin is a proprotein convertase that resides primarily in the trans-Golgi network and processes proteins transiting through the biosynthetic pathway. Furin increases ENaC open probability (i.e., the percentage of time the channel spends open) and, hence, net Na 1 transport. It is unclear at this time whether the furin-mediated cleavage is an important locus of regulation or is a device to keep the channel from being turned on prematurely (see below). However, it is increasingly clear that ENaC cleavage plays a pathophysiologic role in the Na 1 retention associated with the nephrotic syndrome. The serine protease plasmin cleaves the ENaC g subunit and activates the channel (13) . Plasmin is not present in the tubule lumen under normal conditions; however, in the setting of proteinuria (as seen in the nephrotic syndrome), plasminogen is filtered by the glomerulus and can be converted to plasmin by urokinase, which is present within the tubular lumen (13) . In the context of glomerular proteinuria, plasmindependent ENaC activation may contribute to Na 1 retention, and edema or hypertension (14) .
Animals or humans with decreased ENaC function have severe disorders of Na 1 wasting and K 1 retention. Increased channel activity (or excess aldosterone) results in hypertension and K 1 wasting (15), as seen with the heritable disorder Liddle's syndrome. The first identified Liddle mutation resulted in a premature translation stop in the b subunit (16) , leaving the Na 1 pore intact but deleting intracellular target sites for inhibitory control mechanisms (16) . Other mutations that cause variable degrees of hyperactivation of the channel were also identified. On the basis of these observations, it was suggested that mild increases in ENaC activity could act in concert with other signaling defects in the pathogenesis of essential hypertension (17) .
Hormonal Regulation of ENaC
Renin-Angiotensin-Aldosterone System. Aldosterone is central to the normal regulation of Na 1 and K 1 handling by Figure 2 . | Structural model of the ENaC extracellular domains and pore. The model represents a hypothetical a subunit trimer and was built on the basis of sequence homology to ASIC1 and functional data (8, 122) . Sequence conservation among ENaC subunits suggests that the a, b, and g subunits adopt similar folds. The intracellular domains, accounting for 25%-30% of each subunit's mass, are absent from current models of ENaC structure. These domains contain essential sites for regulatory interactions (e.g., Nedd4-2 and CNK3) and modification (e.g., ubiquitinylation and phosphorylation). principal cells, and, hence, to the control of ion concentrations, extracellular fluid volume, and BP in all land mammals (18) . The effects of aldosterone on ion transport in principal cells are mediated by the mineralocorticoid receptor (MR). The MR, which is almost certainly the only receptor for aldosterone in principal cells, is an intracellular hormone-regulated transcription factor that triggers coordinated changes in the expression of numerous genes. The key ones required for regulating Na 1 transport encode either transporters themselves, or regulatory proteins that control transporter abundance or activity. The bulk of evidence supports the view that the central effect of aldosterone is to increase ENaC apical membrane density approximately 2-to 5-fold (18, 19) (Figure  1 ), but effects on channel open probability may also contribute. The ENaC a subunit gene itself is an important target; however, its transcription is stimulated somewhat slowly (over approximately 6 hours). Similarly, aldosterone stimulates transcription of both the a and b subunits of the Na 1 -K 1 -ATPase, but also relatively slowly (20) (see below). In fact, most of the aldosterone-induced increase in Na 1 transport occurs within the first 3 hours and is primarily mediated by rapidly stimulated genes that encode regulatory proteins, not by increases in transporter gene expression per se.
The best characterized of the ENaC regulatory proteins is the serine-threonine kinase SGK1 (21) . Aldosterone acts through the MR to rapidly increase SGK1 gene transcription and, thus, the SGK1 protein level (Figure 1 ). Importantly, SGK1 must also be activated by two phosphorylation events that control its inherent activity (22) . These activating phosphorylations are regulated by other hormones, including insulin and possibly angiotensin II (AngII) (23) . Activated SGK1 then phosphorylates and regulates various targets, most notably the ubiquitin ligase Nedd4-2 (24), which post-translationally modifies proteins by covalently adding a ubiquitin group to specific lysines. Nedd4-2 inhibits ENaC by ubiquitinylating the channel, triggering its internalization from the plasma membrane and ultimately its degradation (25) . SGK1 phosphorylates and inhibits Nedd4-2, and this double negative (inhibiting the inhibitor) results in ENaC accumulation at the apical plasma membrane (26) . Importantly, the above-mentioned Liddle mutation disrupts interaction between Nedd4-2 and ENaC, as if aldosterone were always present (18) . In fact, aldosterone levels are suppressed in Liddle's syndrome, and hence it is a form of pseudohyperaldosteronism. It is also interesting to note that SGK1 indirectly regulates ENaC gene expression through effects on the activities of Dot1a and Af9 (27) .
SGK1 acts in other cell types to regulate a variety of other transporters, including NHE3 (proximal tubule and thick ascending limb), NKCC2 (thick ascending limb), and NCC (distal convoluted tubule). It is particularly worth noting recent evidence supporting the idea that SGK1 regulation of NCC in distal convoluted tubule proceeds, at least in part, through regulation of Nedd4-2, in a manner similar to how the SGK1-Nedd4-2 module regulates ENaC in principal cells (28) . On the other hand, SGK1 also regulates ROMK in principal cells (29) , although this effect is likely less important than its effects on ENaC (see below). Small molecule inhibitors of SGK1 have been shown to have antihypertensive effects in animals; however, there have been no clinical trials (30) . An area of considerable recent interest is the convergent regulation by AngII and aldosterone of ENaC and other transporters such as NCC (31) .
Atrial Natriuretic Peptide. Maintaining cardiorenal homeostasis by regulating fluid volume is an important aspect of the cardioprotective properties of atrial natriuretic peptide (ANP). ANP achieves these effects by regulating multiple renal processes, as will be addressed in other reviews in this series. It acts through the membrane-bound natriuretic peptide receptor-A, which triggers generation of the second messenger cGMP (32) to stimulate a variety of downstream targets including cGMP-dependent protein kinases and cGMP-gated ion channels (33) . In principal cells, ANP inhibits ENaC, which contributes to its natriuretic properties (34) . It also regulates BP by inhibiting renin secretion (35) and aldosterone production from the adrenal gland by downregulating the steroidogenic acute regulatory protein (36) .
Insulin. The physiologic role for insulin in the control of Na 1 transport has remained obscure; however, its pathophysiologic effects are clear. Kidney tubule Na 1 transport remains insulin sensitive, even as other tissues and processes become resistant (37) . Insulin stimulates NHE3-dependent Na 1 transport in the proximal tubule (38) , whereas it stimulates ENaC in principal cells. As insulin levels rise to maintain normal glucose concentration, the retained sensitivity of Na 1 transport results in excessive Na 1 reabsorption in insulin-resistant states. Because neither Na 1 nor BP participates in the feedback loop to inhibit islet b-cell insulin secretion, the principal cell becomes an "unwilling accomplice" in the ensuing salt-sensitive hypertension (39) . Further contributing to this problem, the vasodilatory effects of insulin are blunted in insulin-resistant states, and hence only the prohypertensive effects remain (40) .
AVP. In addition to its critical role in regulating principal cell water transport (see below), AVP also has important effects to stimulate ENaC. These effects are mediated substantially by cAMP, which activates cAMPdependent kinase (protein kinase A [PKA]). PKA can phosphorylate and inhibit Nedd4-2 in a manner similar to that of SGK1 (41, 42) . This direct effect is complicated by variable effects of AVP on the renin-angiotensin-aldosterone system (RAAS) hormonal axis, either to stimulate or suppress renin, depending on extracellular fluid volume status and AVP blood level (42) . Importantly, despite stimulation of ENaC (which itself should raise the serum Na 1 concentration), the net effect of AVP is to lower Na 1 concentration. However, under conditions of high sodium consumption and low water intake (raising AVP levels, while lowering aldosterone), AVP may contribute to saltsensitive hypertension through its effects to stimulate ENaC. It was suggested that AVP stimulation of ENaC might play a physiologically beneficial role in overall water conservation when both water and salt intake are low, although this effect would blunt its ability to lower serum Na 1 concentration (42). This suggestion harkens back to the clinical maxim that "the body defends volume above all else."
Paracrine and Autocrine Regulation of ENaC and Na

1
Transport in the Collecting Duct
Hormones are key regulators of principal cell Na 1 transport; however, another key aspect of this regulation involves local factors. In particular, autocrine (acting on the same cell) and paracrine (acting on neighboring cells) factors play an important role in the modulation of principal cell Na 1 transport. Physical factors, such as tubule fluid flow, can also play a role. Figure 3 summarizes these effects.
Adrenergic Nerves. The findings of close apposition of sympathetic nerve extensions and principal cells (43) , as well as collecting duct expression of b-and a-adrenergic receptors, suggests that principal cell function can be modulated by catecholamines released by efferent renal sympathetic nerves. The nature of such regulation is unclear because differing results have been obtained depending upon the species studied and the agonist utilized. It is likely that adrenergic effects on principal cells are complex, depending upon whether b-or a-adrenergic receptors are activated, the specific cAMP-regulated pathway affected (urea, Na, or water), and the hormonal milieu. In general, a-adrenergic receptor activation in the collecting duct appears to inhibit agonist-induced cAMP accumulation (43, 44) ; however, much more clarification is needed.
Prostaglandins and Cytochrome P450 Metabolites. AA in the collecting duct can be metabolized by cyclooxygenases to prostaglandins (PGs) and by cytochrome P450 epoxygenase to form various epoxyeicosatrienoic acids (EETs). The collecting duct produces relatively large amounts of PGs and particularly PGE 2 (45, 46) . The collecting duct expresses three PG receptors (EP1, EP3, and EP4). Collecting duct PGE 2 production is stimulated by a variety of factors that generally exert natriuretic and diuretic effects, including ATP, EETs, endothelin (ET)-1, shear stress, and others (45, 47) . The effects of PGE 2 on collecting duct Na 1 transport are complex. In the absence of agonists, PGE 2 may augment cAMP-dependent Na 1 reabsorption in the collecting duct, most likely through stimulation of EP4 receptors. However, in the presence of agonists, PGE 2 inhibits collecting duct Na 1 transport. Because agonists are virtually always present in vivo, and as confirmed using knockout of EP receptors, the primary physiologic effect of PGE 2 on the collecting duct is natriuretic. Activation of EP1 and EP3 receptors in the collecting duct reduces adenylyl cyclase-dependent cAMP production. Finally, PGE 2 inhibits collecting duct Na 1 reabsorption through a calcium-dependent mechanism. Taken together, these findings suggest that nonsteroidal anti-inflammatory drug-induced Na 1 retention is caused, at least in part, by inhibition of collecting duct PGE 2 .
Although species differences may exist with regard to the specific EET stereoisomer involved, EETs have been repeatedly shown to inhibit ENaC activity (48) (49) (50) (51) . The physiologic relevance of EETs in the control of collecting duct Na 1 transport is largely unknown; however, it is likely that EETs interact with other signaling systems, including mediating 2 , and ET-1, which act on their cognate receptors to inhibit Na and water reabsorption. Similarly, bradykinin, adenosine, and NE act on their receptors to inhibit ENaC and AQP2. Flow-stimulated EETuniquely inhibits Na, but not water, transport. Compared with the wide variety of inhibitors, relatively few autocrine or paracrine factors stimulate ENaC and/or AQP2 activity. Renin, ultimately via AngII, as well as PGE 2 binding to EP4 receptors, are potentially capable of augmenting principal cell Na and water transport. TZDs (via PPARg) and kallikrein (via cleavage of an autoinhibitory domain in ENaC) may increase Na reabsorption. See the text for more detailed descriptions of each regulatory factor. ACE, angiotensin-converting enzyme; AGT, angiotensinogen; Ang, angiotensin; AQP, aquaporin; EET, eicosataetranoic acid; EP, PGE receptor; ET, endothelin; NE, norepinephrine; NO, nitric oxide; PPARg, peroxisome proliferator-activated receptor-g; TZD, thiazolidinedione.
adenosine inhibition of ENaC (52) and stimulating PGE 2 formation (50) . Finally, cortical collecting duct EET formation is stimulated by elevated tubule fluid flow, potentially promoting Na 1 excretion.
Tubule Fluid Flow. Increased collecting duct tubule fluid flow occurs in natriuretic states. The increase in collecting duct tubule fluid flow, at least in the setting of salt loading, results from increased GFR and reduced solute reabsorption by nephron segments proximal to the collecting duct. ENaC is mechanosensitive and is activated by shear stress [reviewed by Kashlan and Kleyman (53)]. Such flow-stimulated ENaC activity would be counterproductive during salt loading; hence, several mechanisms appear to exist to inhibit flow-stimulated ENaC activity. Increases in intracellular or extracellular Na 1 concentration inhibit ENaC activity. In addition, luminal collecting duct shear stress stimulates a variety of factors that can reduce Na 1 transport, including 11-EET and 12-EET (54), ATP (55), nitric oxide (NO) (56), PGE 2 (47), and ET-1 (57) .
Kinins. The connecting segment and cortical collecting duct are the major sites of renal tissue kallikrein (TK) expression [reviewed by Eladari et al. (58) ]. TK cleaves kininogen to yield lysyl-BK, which is cleaved by Naminopeptidase to form BK. BK released by the collecting duct has the potential to interact with BK type 2 (BK2) receptors expressed by the collecting duct. BK activation of BK2 receptors inhibits ENaC activity (59) . TK per se may regulate ENaC independent of BK (58). The addition of TK to the lumen side of the cortical collecting duct increases ENaC activity associated with increased cleavage of ENaCg (i.e., removal of the autoinhibitory peptide within ENaCg). Finally, the BK system should be considered in the context of angiotensin-converting enzyme inhibitors (ACEIs), which are well known to inhibit BK degradation, thereby leading to increased BK levels. This elevation of BK could, in principle, enhance the effect of ACEIs to inhibit ENaC, over and above what angiotensin receptor blockers, which do not inhibit BK degradation, can do. However, the clinical relevance of this difference between ACEIs and angiotensin receptor blockers remains controversial.
NO. Collecting duct NO production is stimulated by tubule fluid flow, ATP, and ET-1 [reviewed by Hyndman and Pollock (60)]. NO reduces ENaC activity (61,62), possibly via reduction of AVP-stimulated cAMP accumulation [reviewed by Ortiz and Garvin (62) ]. In addition, NO may mediate ATP inhibition of collecting duct ROMK activity (63) . Collecting duct NO is likely of physiologic significance because collecting duct-specific knockout of NO synthase 1 causes salt-sensitive hypertension (64) .
Peroxisome Proliferator-Activated Receptors. Activation of the peroxisome proliferator-activated receptor-g by thiazolidinediones is well known to cause Na 1 retention. Mice with principal cell-specific knockout of peroxisome proliferatoractivated receptor-g are resistant to thiazolidinedione-induced Na 1 retention (65, 66) . In addition, other noncollecting duct mechanisms may be involved (67) .
Adenosine. Adenosine is derived from ATP and cAMP metabolism. Salt loading increases renal interstitial adenosine; relatively large amounts of adenosine are found in the inner medulla [reviewed by Rieg and Vallon (68)]. Activation of adenosine A 1 receptors inhibits AVP-dependent cAMP-stimulated ENaC activity in the collecting duct.
ATP. Collecting duct cells release ATP into the lumen in response to tubule flow. In addition, dietary salt increases urinary ATP and its metabolites [reviewed by Vallon and Rieg (55) ]. The collecting duct lumen expresses low levels of ectonucleotidases, facilitating ATP regulation of collecting duct function. The collecting duct expresses luminal P2Y2 purinergic receptors, the activation of which inhibits ENaC (55, 69, 70) . P2Y2 regulation of ENaC is physiologically relevant in that P2Y2 knockout prevents high-Na dietinduced decreases in ENaC activity. Finally, ATP activation of P2Y2 may inhibit collecting duct ROMK activity (63) .
ET. The collecting duct is the major source of ET-1 in the kidney and may produce more ET-1 than any other cell type in the body [reviewed by Kohan et al. (71) ]. ET-1 production by the collecting duct is stimulated by luminal shear stress, luminal Na 1 delivery, and other factors (57, 71) . In general, collecting duct ET-1 synthesis is increased by extracellular fluid volume expansion. Collecting duct-derived ET-1 can act in an autocrine manner on basolateral ET receptors to regulate Na 1 transport. The collecting duct expresses relatively high levels of ETB receptors and low levels of ETA receptors. Activation of collecting duct ETB receptors inhibits Na 1 transport in the cortical collecting duct; this effect is mediated by several signaling systems, including NO (71, 72) . The physiologic significance of the collecting duct ET system was demonstrated in studies with principal cell-specific knockout of ET-1 or ET receptors. The absence of principal cell ET-1 or both ET receptors causes marked salt-sensitive hypertension (73, 74) . These findings may be clinically relevant in that ET receptor antagonists, which are currently approved for treatment of pulmonary hypertension and are being studied for the treatment of diabetic nephropathy, can cause significant fluid retention (75) . It is possible that this is mediated, at least in part, by blockade of collecting duct ET receptors.
Renin. Renin is synthesized and secreted into the tubule lumen by collecting duct cells [reviewed by Navar et al. (76) ]. Luminal renin may bind to prorenin receptors on intercalated cells, enhancing its catalytic activity and modulating intercalated cell function. Because angiotensinogen and angiotensin-converting enzymes are present in the distal nephron lumen, secreted renin may stimulate luminal AngII formation leading to enhanced ENaC activity. Because collecting duct renin production is markedly increased by circulating AngII and in the setting of diabetes mellitus, this distal nephron renin system may be of pathophysiologic significance.
Na-K-ATPase
Ultimately, the primary driving force for principal cell Na 1 reabsorption and K 1 secretion is provided by the Na 1 -K 1 -ATPase. As in other nephron segments and, indeed, most epithelia, Na 1 -K 1 -ATPase is targeted exclusively to the basolateral membrane of principal cells. Its activity and membrane density are regulated by hormones, such as aldosterone, AVP, and insulin, as well as nonhormonal factors, such as intracellular [Na 1 ] and tonicity (77) . However, in the control of Na 1 balance, most notably by aldosterone, the Na 1 -K 1 -ATPase is not the major target of regulation. As addressed below, the bulk of evidence supports the conclusion that ENaC is the primary site of regulation. This is an important detail for clinicians to be aware of, because it is relevant to commonalities among hypertensive diseases, such as Liddle syndrome, apparent mineralocorticoid excess, and primary aldosteronism, as well as to the treatment of saltsensitive essential hypertension.
ROMK
A predominant role of the RAAS is to regulate ENaC (18); however, other principal cell transporters, such as ROMK, are also regulated by aldosterone (acting through the MR) (78) . ROMK is a critical, but not the sole, mediator of K 1 transport in principal cells (Figure 1 ). Like ENaC, it is a cation channel. ROMK is highly selective for K 1 over Na 1 , and is inhibited by Ba 21 (79) . Some of the effects of the RAAS on ROMK may be the result of regulation of with no lysine kinases (WNKs) (2) that, in addition to inhibiting NKCC2 and NCC in the thick ascending limb and distal convoluted tubule, respectively, also inhibit K channels in principal cells (80) . Interconnections between RAAS and WNK signaling have been identified, both through effects of AngII and effects of aldosterone, at least in part, mediated by SGK1 (78, 81) . Assembly and trafficking of ROMK to the cell surface is dictated by a multiprotein complex facilitated by PDZ interactions with scaffold proteins NHERF-1 and NHERF-2 (82). Increased dietary potassium causes a large increase in apical expression of ROMK in the distal convoluted tubule-2, connecting tubule, and collecting duct but not in distal convoluted tubule-1, indicating that multiple regulatory mechanisms are involved in dietary K-regulated ROMK channel function in the distal nephron (83) . Recent studies suggest that Cullin3-RING (really interesting new gene) ligases that contain Kelch-like 3 (components of an E 3 ubiquitin ligase complex) target ubiquitinylation of WNK4 and thereby regulate WNK4 levels, which, in turn, regulate levels of ROMK (84) . Interestingly, ROMK variants with decreased channel activity have been associated with resistance to hypertension, suggesting that ROMK may also be a determinant of BP control in the general population (85) . Hypertension resistance variants of ROMK were found to have decreased channel function as a result of increased sensitivity to the inhibitory effects of a G protein-coupled receptor, which stimulates phosphatidylinositol 4,5-bisphosphate hydrolysis (86).
Cl 2 Transport
There are three contributory pathways for Cl2 transport. First, in principal cells, Cl 2 can be reabsorbed or secreted (depending on electrochemical gradient) via the cystic fibrosis transmembrane regulator. Cl 2 basolateral transport is through a Cl 2 channel of the ClC family. Second, Cl 2 also moves through a paracellular pathway, at least in part via tight junction claudins (2). Finally, Cl 2 is transported through intercalated cells (3) . Fascinating new data support the idea that, in intercalated cells, the ability of the receptor for aldosterone (the MR) to respond to aldosterone is controlled by phosphorylation (87) . This effect influences the ability of these cells to increase Cl 2 transport in response to aldosterone, and allows the collecting duct to shift from mediating primarily Na 
Control of Water Transport in Principal Cells
Overview of Collecting Duct Water Transport The primary mechanism by which water is reabsorbed in the principal cell is through AVP stimulation of AQP2 expression and accumulation in the luminal plasma membrane (Figure 4) . AVP binding to its type 2 receptor (V2R) in the basolateral membrane of principal cells induces a cAMP signaling cascade, which leads rapidly to translocation of AQP2 from intracellular vesicles to the apical membrane. Tubule water enters the cell through AQP2, traverses the cytosol, and exits to the interstitium via AQP3 and AQP4, with water movement ultimately being driven by the tubule lumen-interstitium osmotic gradient (88, 89) . Inactivating mutations in V2R or AQP2 genes lead to nephrogenic diabetes insipidus, a disorder characterized by polyuria and, consequently, polydipsia (90, 91) Overstimulation of water retention is found in the syndrome of inappropriate release of the antidiuretic hormone and in activating mutations of the V2R, which both lead to hyponatremia with normovolemia.
Basic Biology of AQP2
The principal cell mechanisms for regulation of water reabsorption primarily involve modulation of AQP2 abundance in the luminal plasma membrane. Basolateral AQP3 and, to a lesser extent, AQP4 are necessary for transcellular water movement in the principal cell (94, 95) , but these channels are mainly constitutively expressed and, therefore, serve a permissive function. By contrast, AQP2 is highly regulated in a complex manner. This involves short-term modulation through alterations in trafficking and longterm regulation through changes in protein expression.
AQP2 has at least five phosphorylation sites that appear to regulate apical membrane insertion and endocytosis [reviewed by Fenton et al. (96) and Nedvetsky et al. (97) ]. PKA is the canonical cAMP-dependent mechanism for AQP2 phosphorylation; however, protein kinase G, protein kinase C, casein kinases, and other kinases may also phosphorylate AQP2 (98) . In addition, several phosphatases are likely involved in the regulation of AQP2 phosphorylation and activity. AQP2 phosphorylation near the carboxy terminus at serines S256 and S269 appears to be of primary importance in trafficking to the plasma membrane. Conventionally, PKA-dependent phosphorylation at S256 was considered a priming event for S269 phosphorylation and plasma membrane insertion (99) (100) (101) ; however, recent studies suggest that S256 phosphorylation may be involved in trafficking of AQP2 through the endoplasmic reticulum and Golgi apparatus. Phosphorylation at S269 is important for increasing AQP2 activity by enhancing exocytosis and reducing endocytosis. AQP2 accumulates in clathrin-coated pits and is internalized in a dynamin-dependent manner; this process may be regulated by the phosphorylation state of S256 and S269. Finally, AQP2 is highly phosphorylated at S261 without AVP, but this is reduced by AVP (102, 103) , suggesting that S261 may also be involved in AQP2 trafficking.
AQP2 internalization is mediated, at least in part, by an unknown ubiquitin ligase, which mediates ubiquitinylation at lysine K270 (104) . K270 is essential in this process, because endocytosis of AQP2-K270R, which cannot be further ubiquitinylated, was strongly retarded (104) . Relevant to this, AQP2 K63-linked ubiquitinylation is short lived and internalized AQP2 may recycle to the plasma membrane multiple times (105) . This suggests that, as with many other membrane proteins, AQP2 is likely deubiquitinated before being targeted for lysosomal degradation. Although the involved ubiquitin ligase and deubiquitinating enzyme are not known, initial studies have identified candidates for further research (106) . It is unlikely that this ubiquitin ligase is Nedd4-2; however, the parallels with ENaC regulation are striking.
Another important mechanism for regulation of principal cell water transport is through control of total cell AQP2 levels (i.e., long-term regulation of AQP2 expression) [see the excellent review by Radin et al. (107) ]. The time frame for maximal changes in AQP2 abundance is not certain, but likely takes several days for up to 10-fold alterations to occur. Changes in principal cell AQP2 degradation or elimination (through exosomes excreted in the urine) do not account for this wide fluctuation in AQP2 abundance.
Rather, it appears that transcriptional modulation of AQP2 promoter activity is important. The AQP2 promoter contains cAMP response elements as well as a number of other transcription factor consensus recognition sites.
Stimulators of AQP2
AVP. AVP is the major regulator of AQP2 trafficking and expression in principal cells. AVP exerts multiple effects on cell signaling of the principal cell, foremost of which is stimulation of adenylyl cyclase-dependent cAMP accumulation and activation of PKA. Another cAMPactivated mediator, Epac, was recently implicated in mediating AQP2 phosphorylation (96, 97) . AVP increases intracellular [Ca 21 ] as well as activates Akt (protein kinase B) via the phosphatidylinositide 3-kinase and inhibition of extracellular signal-regulated kinases 1 and 2; some of these processes are likely cAMP dependent. The net effect is that AVP can modulate phosphorylation AQP2 through a variety of protein kinases and likely also through regulation of phosphatases. AVP also reduces AQP2 internalization through decreasing ubiquitinylation as well as depolymerization of the actin cytoskeleton. AVP increases AQP2 protein expression primarily through enhanced AQP2 gene transcription and, to a lesser extent, through reduced AQP2 degradation.
Interstitial Osmolality. Interstitial osmolality per se may regulate AQP2 abundance. AVP-deficient Brattleboro rats start concentrating their urine when water deprived, or when made hypertonic, which all lead to the generation of a hypertonic interstitium (108, 109) . The tonicity-responsive enhancer-binding protein (TonEBP) may be involved in the hypertonicity response, because its expression is upregulated with hypertonicity (110), inactivating mutations in the tonicityresponsive element in the AQP2 promoter reduced AQP2 expression in mpkCD cells (111) , and TonEBP knockout mice or mice transgenic for dominant-negative TonEBP showed decreased AQP2 abundance (112, 113) .
Other Stimulators. AngII, via angiotensin II type 1 receptors, and aldosterone have been shown to increase AQP2 abundance in mpkCCD cells (114, 115) , suggesting that the RAAS can control principal cell water reabsorption. In states of hypernatremia or hypovolemia, AVP is released from the pituitary and binds its V2R. AVP-bound V2R results in dissociation of the trimeric G protein into a GTP-bound a subunit (Gsa) and bg subunits (Gsb and Gsg) of which the first activates AC to generate cAMP. Activation of PKA by cAMP increases AQP2 transcription through phosphorylated activation of the CREB transcription factor and induces translocation of AQP2 from intracellular vesicles to the apical membrane by dephosphorylating AQP2 at Ser261 (pS261) and by phosphorylating AQP2 at Ser256 (pS256), Ser264 (pS264), and Thr269 (pT269). Driven by the transcellular osmotic gradient, prourinary water will then enter the principal cell through AQP2 and exit the cell via AQP3 and AQP4 located in the basolateral membrane of these cells, thereby concentrating urine. Activation of receptors by hormones, such as PGE 2 , ATP, and dopamine, counteracts this action of AVP by inducing short-chain ubiquitination of AQP2 at Lys270 (K270), leading to its internalization and lysosomal targeting and degradation. AQP2 pS261 is reinstalled during this internalization process, in which PKC is a central kinase. AC, adenylate cyclase; AVP, arginine vasopressin; CREB, cAMP-responsive element-binding protein; Dop, dopamine; PKA, protein kinase A; PKC, protein kinase C; Ub, ubiquitin; V2R, vasopressin receptor type 2.
In agreement with this, recent studies found that mice with collecting duct-specific angiotensin II type 1 receptor knockout had reduced urinary concentrating ability associated with reduced AVP-stimulated cAMP accumulation (116) . ANP was also suggested to increase principal cell water reabsorption because ANP increased AQP2 phosphorylation at S256 and its translocation to the plasma membrane in inner medullary collecting duct cells (117, 118) . This, however, is controversial, because others showed that ANP antagonizes AVP-mediated water permeability by decreasing AQP2 phosphorylation and enhancing AQP2 retrieval from the apical membrane (119) .
Autocrine and Paracrine Inhibitors of AQP2
Similar to regulation of principal cell Na 1 transport, several autocrine and paracrine factors modulate principal cell water reabsorption. The previous section on Na 1 transport provides details regarding the cell sources and regulation of expression of these factors. In the following, we specifically address these factors in the context of modulation of principal cell water transport.
PGs and Cytochrome P450 Metabolites. As for Na 1 reabsorption in the collecting duct, PGE 2 may increase cAMPdependent water reabsorption via binding to EP4 receptors. In the presence of agonists, PGE 2 inhibits collecting duct water transport through stimulation of EP1 and EP3 receptors leading to inhibition of cAMP production, induction of AQP2 retrieval from the plasma membrane, and Rhodependent actin depolymerization with resultant inhibition of AQP2 translocation to the plasma membrane (45, 46) .
Kinins. BK released by the collecting duct can bind to collecting duct BK2 receptors and inhibit AQP2 trafficking to the plasma membrane (120) . Whether this is physiologically relevant remains to be determined.
NO. The effects of NO/cGMP on principal cell water transport are controversial, with results varying depending upon the model and conditions studied. NO has been reported by some, but not all, to inhibit collecting duct water transport, the latter through reduction of AVP-stimulated cAMP accumulation [reviewed by Ortiz and Garvin (62) ]. By contrast, NO/cAMP has been described to increase AQP2 plasma membrane expression, particularly in in vitro studies (98) .
Adenosine. Adenosine activation of A 1 receptors inhibits AVP-dependent cAMP-stimulated water reabsorption in the collecting duct [reviewed by Rieg and Vallon (68) ]. Because caffeine is shown to exert a diuretic effect through antagonism of the adenosine A1 receptor, this effect must be the result of nonprincipal cell actions.
ATP. Water loading may increase collecting duct ATP release by increasing cell swelling caused by decreased extracellular tonicity (55) . Activation of apical collecting duct P2Y2 receptors inhibits water reabsorption by reducing AVP-stimulated cAMP and increasing PGE 2 production.
ET. ET-1 activation of ETB receptors inhibits AVPstimulated cAMP accumulation and water reabsorption by the collecting duct. Mice with principal cell-specific knockout of ET-1 demonstrate enhanced water retention and increased cAMP accumulation in response to AVP (121) .
Summary
The principal cell is arguably the most highly regulated cell type in the kidney tubules, if not in all mammalian epithelia.
Because the regulated transport of ions and water is of vital importance to the role that this tubule cell plays in kidney function and homeostasis, we have addressed the basic transport functions of the principal cell primarily from the standpoint of regulation. The central role of two different hormonetransporter pairs was emphasized: aldosterone and ENaC for control of ion transport, and AVP and AQP2 for control of water transport. However, the complex regulation of principal cell function is underscored by the panoply of hormonal, autocrine, paracrine, and physical factors that regulate its activities. A few examples are as follows: ATP, PGE 2 , and ET, which inhibit both Na 1 and water transport; AngII, which stimulates both Na 1 and water transport; and insulin, which selectively stimulates Na 1 transport. Under normal physiologic conditions, these diverse regulators exert their effects in various combinations to provide context-appropriate integrated responses to different environmental conditions.
Understanding the signaling and transport mechanisms that underlie principal cell function is valuable to practicing clinicians, both because it enhances our appreciation of the kidney and its role in homeostasis, and because it provides a foundation for greater depth and flexibility in our approach to diagnosis and treatment of the wide array of fluid and electrolyte disorders we encounter.
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